A new test data compression scheme for circular scan is proposed in this paper. For circular scan, the response of the previous test vector is used as the next test vector's template, and only the conflicting bits between the previous response and the next vector are required to be updated. To reduce the test data volume and test application time, the problem addressed here is minimizing the number of conflicting bits by optimally reordering test vectors. Each vector represents a city, and the number of conflicting bits between two test vectors is regarded as the distance between them. Thus, the problem corresponds to the travelling salesman problem (TSP), which is NP-complete. The genetic algorithm is used to solve this problem. The experimental results show that the proposed scheme could reduce the test data volume efficiently without any additional hardware cost.
Introduction
The large size of test data volume is one of the major challenges for complex circuits, and the problem is aggravated by the scale increasing [1] . Continued advances in process technology have led to a relentless increase in the design complexity of integrated circuits (ICs). Besides the increased density, the need to test new types of defects in nanometer technologies also results in a tremendous increase in the test data volume and test application time [2, 3] . High-test data volume may exceed the limited memory depth of the automatic test equipment (ATE).
One of the most effective schemes for reducing test data volume is test data compression, where test data provided by the vendor are stored in the memory of a tester, and an on-chip decoder is used to apply the corresponding test vectors to circuits under test (CUT). Many test compression schemes have been proposed in recent decades, and they can be classified into three categories: code-based compression scheme [4, 5] , linear decompression-based scheme [6, 7] , and broadcast-scan-based scheme [8, 9] . Code-based compression schemes encode for pre-computed test data; linear decompression-based schemes use a linear decompression module to apply test data to CUTs; and broadcast-scan-based schemes broadcast identical test data to multiple scan cells at the same time. These test compression schemes are all based on the conventional scan architecture.
Circular scan architecture (CSA) [10] is another effective design for testing (DFT) architecture, and it has a comparable hardware with a conventional scan. The affirmative attribute of the CSA is that the response of previous test patterns could be used as the next pattern's template, which makes test data compression easier.
The circular scan scheme was first proposed in paper [10] as a BIST scheme without using any storage. Then, several schemes for reducing the test cost were proposed, and they can be classified into two types: self-testing using circular scan [10] [11] [12] [13] and determining-testing using circular scan [14] [15] [16] [17] .
For self-testing using circular scan, circular scan serves as the test pattern generator and the test response compactor. It operates random testing for sequential logic circuits, where parts of flip-flops are selected as the scan cells. In determining-testing using circular scan, circular scan is used as a DFT architecture, and the pre-computed test data can be easily applied to it. Paper [14] first used circular scan to determine the test architecture, where the previously captured response was used as the next test pattern template, and the captured response can be fully observed without any fault coverage loss. To reduce the test data volume further, many works have been proposed to optimize the CSA.
Papers [14, 15] addressed the conflicting bits between the template and test pattern. Paper [16] proposed a modified circular scan where multiple circular scan chains are used to test circuits under testing (CUT). Paper [17] proposed a new test compression scheme based on circular scan, where multiple conflicting bits are updated through inputs of the scan chains that use a multiple-hot decoder.
The key point of determining circular scan's compression is minimizing the number of conflicting bits between the template pattern and the real test pattern. To reduce test data volume, this paper proposes a new test vector reordering scheme where the minimizing problem can establish the corresponding travelling salesman problem (TSP), which is NP-complete. We use the genetic algorithm to solve this problem.
2 The conflicting bit minimization for circular scan Figure 1 shows the architecture of the circular scan [15] . As shown in the figure, the previous captured response is a template of the next pattern, and the content of scan cells could be updated by multiple rotations of scan chains. To reduce the test application time, the multiplexer-based decoder is used to change the test data concurrently. One-bit-update mode and broadcast mode are designed to load the next determined test pattern to reduce test data volume. The fewer bits there are that need to be updated, the smaller the test data volume is. So, the critical problem of the circular scan is minimizing the number of conflicting bits between the template and the real test pattern. Figure 2 gives an example of an application of the circular scan. As shown in the figure, three scan chains with eight scan cells each are contained in the example circuit under test (CUT). The corresponding test set is given in Table 1 . There are five test patterns denoted as V1, V2, V3, V4, and V5. The corresponding responses represented as R1, R2, R3, R4, and R5 are also given in the table. To achieve the test mode of circular scan, in that the previous response is used as the next pattern's template, the conflicting bits between them should be updated. If V2 is the first test vector applied, then the corresponding response R2, V3 is used. The number of conflicting bits between R2 and V3 that are computed for their hamming distance is 13 bits. On the other hand, if V3 is used first, followed by V2, then only 10 conflicting bits need to be updated. To reduce test data volume, the conflicting bits should be minimized.
To solve this problem, the test set weight matrix and the corresponding weight illustration for Table 1 are given in Fig. 3a , b, respectively. As shown in Fig. 3b , each vertex represents a test pattern, and the number of conflicting bits between the response of vi and the pattern of vj that was computed as the hamming distance between the two is denoted as the weight of the edge. It is obviously a directed graph. Different orders of the test patterns will result in a different number of conflicting bits. For example, the order of V1, V2, V3, V4, and V5 has the number of conflicting bits W12 + W23 + W34 + W45 = 8 + 13 + 5 + 9 = 35, where Wij denotes the weight of the two vertexes of i and j. The order of V2, V1, V5, V4, and V3 gains the number of conflicting bits as W21 + W15 + W54 + W43 = 8 + 6 + 12 + 5 = 31, which has a smaller number of conflicting bits. The order of the test patterns influences the number of conflicting bits that need to be updated, and that number should be minimized. 
The problem is an NP-complete problem in reality. Note: Let the number of test patterns be n. The weights of each of the two patterns are easily obtained by computing their hamming distance, and the weights of two vertexes of Vi and Vj are denoted as Wij and Wji, respectively. The problem is finding the shortest path that passes through every vertex once and only once. So, the problem can be transformed and formally stated as follows.
Problem 1
Given a directed graph with n vertexes, the distance between each of the two vertexes can be computed. Find the shortest path traveling across each vertex once and only once.
Problem 1 is equivalent to the well-known travelling salesman problem (TSP) [18] , which is NP-complete, where the vertexes stand for towns and the number of conflicting bits between every two vertexes represents the distance between two towns.
To solve the problem of the conflicting bits minimizing problem, which is NP-completed, the genetic algorithm (GA) is used in the paper. The GA is one of the mature techniques for solving the TSP problem. The objective of the GA is to determine the surviving individuals, the reproducing individuals, and the ones that died. GALIB [19] is an effective genetic tool to solve several NP-completed problems, specifically the ones corresponding to the TSP. GALIB was selected for solving the conflicting bits minimizing problem in the paper. The result of the example in Fig. 3a and Table 1 using GALIB is given in Fig. 3c . The optimizing order of the five vectors is v2 → v5 → v3 → v1 → v4, and the number of corresponding conflicting bits that need to be updated is 21 bits. Compared to that of the primary order v1 → v2 → v3 → v4 → v5 of 35 bits, 14 bits are reduced.
Experimental results
Five of the largest ISCAS'89 circuits and ITC'99 circuits are used in the experiments. The Atalanta [20] tool is used to generate the test sets. The TSP solver [19] is used to minimize the conflicting bits for the circular scan. The experimental results are given in Tables 2, 3, and 4.  Table 2 shows the test volume compression ratio comparison with related schemes. The compression ratio is computed as CR = (T D −T E )/T D , where T D is the test data volume of the primary test sets and T E is the test data volume of the compressed test sets. The first and second columns denote the names of the circuits and the numbers of the flip-flops. The number of scan chains is represented as #SC. The compression ratio of the proposed scheme is expressed as Pro. As shown in Table 2 , for different scan chains #SC = 64, #SC = 128, and #SC = 256, the proposed scheme minimizing the conflicting bits that need to be updated achieves a better compression ratio in all cases. The test application time comparison is given in Table 3 . The first and second columns also represent the circuit names and the number of flip-flops, while #SC is the number of scan chains. Paper [16] proposed a scan input selection unit that updates conflicting bits internally and eliminates loading conflicting bits from ATE, so only the test data volume is reduced, and it has the same test application time as paper [14] . Thus, the test application time of paper [14] and paper [17] are compared with our method. As shown in the table, because the number of test data that needed to be updated was reduced, the test application time was also reduced compared with the other related solutions, in all cases.
Except the comparison with other related works using the five biggest ISCAS'89 benchmark circuits. We also gathered experimental results on ITC'99 circuits. The results are given in Table 4 . As shown in the table, the first and second columns are the circuits and the number of flip-flops, CR represents test compression ratio, and TT is the test application time. Ord is the test patterns generated by the ATPG (automatic test pattern generation) tool of Atalanta [20] before using the proposed scheme, and Pro is the new test patterns with new orders that under the proposed optimized schemes. Because the proposed scheme reordered test patterns which made the number of conflicting bits minimized, it achieves better test compression ratios and test application times in all cases.
From these tables, we could see that through the proposed scheme, the number of conflicting bits needed to be updated was minimized, so the corresponding test data volume and test application time were both reduced in all cases.
Furthermore, we could also see that the compression ratio and the test application time reduction were different for different circuits. This is because for different circuits, the corresponding test set has different 0, 1, and X (denotes the do not care bits that can be set as 0 or 1) distributions. For those circuits with more Xs and more compatible bits (two bits have identical data or one of X), the corresponding number of conflicting bits is smaller, so the bits that need to be updated are fewer, which would reduce the test data volume and test application time. On the other hand, for those circuits with very few Xs and compatible bits, more data bits need to be updated, and the corresponding data volume and test application time reduction achieved were less.
For example, for the circuit S35932, the corresponding conflicting bits between the previous response and next pattern are more, so the test data volume and test application time reductions are both smaller compared with other circuits. Nevertheless, the circuit of 13,207 has more Xs, and the number of conflicting bits is very small, so it attained a higher reduction in test data volume and test application time.
Conclusions
To reduce the test data volume and test application time, this paper proposes a new test data compression scheme for circular scan, where the response of the previous pattern is used as the next pattern's template. To reduce the conflicting bits that needed to be updated, the conflicting bit minimization problem can establish the correspondence with the travelling salesman problem, which is NP-complete. The genetic algorithm is used to solve this problem in this paper. The experimental results show that the average compression ratio is improved about 3.97% compared with paper [17] , improved about 34.28% compared with paper [16] , and improved about 42.51% compared with paper [14] . For circuit of S13207 in the case of #SC = 256, the compression ratio is as high as 81.4. We could see that the proposed scheme could efficiently reduce test data volume and test application time for circular scan. 
